Abstract. We report on a systematic optical investigation of wüstite. In addition, the sample under consideration, Fe0.93O, has been characterized in detail by electrical transport, dielectric, magnetic and thermodynamic measurements. From infrared reflectivity experiments, phonon properties, Drude-like conductivity contributions and electronic transitions have been systematically investigated. The phonon modes reveal a clear splitting below the antiferromagnetic ordering temperature, similar to observations in other transitionmetal monoxides and in spinel compounds which have been explained in terms of a spin-driven Jahn-Teller effect. The electronic transitions can best be described assuming a crystal-field parameter Dq = 750 cm −1 and a spin-orbit coupling constant λ = 95 cm −1 . A well defined crystal field excitation at low temperatures reveals significant broadening on increasing temperature with an overall transfer of optical weight into dc conductivity contributions. This fact seems to indicate a melting of the on-site excitation into a Drude behavior of delocalized charge carriers. The optical band gap in wüstite is close to 1.0 eV at room temperature. With decreasing temperatures and passing the magnetic phase transition we have detected a strong blue shift of the correlation-induced band edge, which amounts more than 15% and has been rarely observed in antiferromagnets.
Introduction
Transition metal (TM) monoxides are prototypical examples of strongly correlated electron systems. Their electronic structure results from a competition between electron localization and delocalization effects in the narrow 3d bands, as formulated in the theory of Mott [1] and Hubbard [2] . Numerous theoretical and experimental papers about this subject and specifically concerning TM monoxides have been published aiming to explain the insulating properties of the late monoxides and calculating the quasiparticle band structure and the density of states. An exception is wüstite (FeO), which has been far less investigated. This probably stems from the fact that stoichiometric FeO does not exist at room temperature. It is metastable with the tendency to decay into a two-phase mixture of α-Fe and magnetite Fe 3 O 4 . However, it is well known that cubic Fe 1−δ O can be synthesized at ambient pressure for iron deficiencies ranging approximately from 0.05 < δ < 0. 15: Nonstoichiometric wüstite crystallizes in the cubic rocksalt structure and reveals antiferromagnetic (AFM) order below the Néel temperature T N ≈ 200 K. Early reports on antiferromagnetism of FeO with ordering temperatures between 183 K and 198 K have been published by Millar [3] , Bizette and Tsai [4] and Foex and Lebeau [5] utilizing thermodynamic, magnetic and thermal-expansion exa e-mail: florian.schrettle@physik.uni-augsburg.de periments, respectively. Neutron diffraction at 80 K, well below the magnetic ordering temperature, has been performed by Shull et al. [6] These authors observed the typical AFM diffraction pattern of the insulating transitionmetal monoxides with a doubling of the chemical unit cell. The almost complete absence of the (111) reflection indicated that in FeO the magnetic moments of Fe 2+ are aligned perpendicular to the ferromagnetic (FM) (111) sheets with strictly alternating moment directions. Roth confirmed this magnetic structure and determined in addition an average iron moment of µ = 3.32 µ B at 4.2 K [7] . This value is clearly reduced with respect to the expected spin-only value for Fe 2+ (d 6 , S = 2) of about 4 µ B , assuming an effective g-value g ≈ 2 and is difficult to explain. Even assuming an iron deficiency δ = 0.1 still yields a larger ordered iron moment of 3.6 µ B . The actual effective g-value for Fe 2+ in octahedral environment depends strongly on the spin-orbit coupling, covalency, and possible distortions of the octahedra as discussed by Goodenough, who predicted anisotropic g-values by considering spin-orbit coupling and a trigonal distortion [8] . Such a situation is realized in FeO, which exhibits a rhombohedral distortion below the Néel temperature. Contrary to MnO and NiO the angle of the unit rhomb becomes less than 60
• and the cell is elongated along the [111] axis [9] in agreement with the direction of the antiferromagnetic axis. Upon entering the magnetically ordered state a clear splitting of the infrared active phonon is observed, similar to other TM monoxides [10, 11] and a number of Cr spinels [12, 13, 14, 15, 16] . Theoretically, this splitting has been described in the framework of a spin-Jahn-Teller effect [17, 18] .
In this work we discuss in detail the optical properties of Fe 0.93 O including polar phonon modes, electronic transitions related to the Fe 2+ ions, and the onset of the band gap. Moreover, we find the existence of a Drudelike contribution in the paramagnetic state and revisit the magnetic, electric, and thermodynamic properties making use of the obtained optical excitation spectrum.
Experimental details
Single crystals of FeO in the form of platelets with dimensions of approximately 10 mm 2 and 1 mm thickness and polished to optical quality were purchased from MaTeck GmbH. For structural characterization small pieces of a crushed single crystal were investigated by x-ray powder diffraction using a STOE diffractometer with a position sensitive detector. To measure the electrical resistance, a standard four-point technique was utilized down to temperatures of approximately 100 K with a constant current of 10 mA. For lower temperatures and increasingly high resistance a constant voltage of 10 V was applied in a two-point configuration. The latter measurements were performed with the Keithly Electrometer 6517A with an input impedance > 200 TΩ. The dielectric properties were measured employing a frequency-response analyzer (Novocontrol α-analyzer). The magnetic properties were studied using a commercial superconducting quantum interference device magnetometer (Quantum Design MPMS-5) with magnetic fields up to 50 kOe and temperatures from 2 K < T < 400 K. The heat capacity was measured in a physical properties measurement system (Quantum Design PPMS) for temperatures from 2 K < T < 300 K. The reflectivity measurements were carried out using the Bruker Fourier-transform spectrometers IFS 113v and IFS 66v/S, both being equipped with a He-flow cryostat operating between 4 K and 600 K. Using different light sources, different beam splitters, and different detectors, we were able to cover the frequency range from 100 cm −1 to 28000 cm −1 . For the analysis of the reflectivity we derived the complex dielectric constants or the complex conductivity by means of Kramers-Kronig transformation with a smooth power-law extrapolation towards high wave numbers. A constant low-frequency extrapolation has been used for the insulating compounds at low temperatures (T < 130 K) and an additional Drude-like conductivity resulting in a Hagen-Rubens low-frequency extrapolation has been applied at elevated temperatures, where conductivity plays an essential role. Some optical results in the far-infrared regime wüstite have been published previously [19] . Note that in [19] the same crystal as investigated in this work is indexed as Fe 0.92 O. As detailed in section 3.1 the stoichiometry rather is Fe 0.93 O.
3 Experimental results and discussion
Structural and electrical characterization
In the x-ray diffraction measurements at room temperature, only peaks of the proper fcc structure were observed (space group Fm3m) and no impurity peaks above background could be detected. From a detailed Rietveld analysis we determined the lattice spacing a = 4.2978Å. In addition, we refined the site occupation of the iron ions and found a value of 0.91. From a compilation of literature data of lattice constants of FeO with different iron deficiency, McCammon and Liu [20] proposed a linear relation between the lattice spacing and the iron deficiency δ, a = 4.334 -0.478 δ. In our case this relation provides δ = 0.0757 or (1 -δ) = 0.924. In a similar manner, McCammon [21] proposed a relationship between antiferromagnetic ordering temperature and Fe concentration. As will be documented later, the best estimate of the magnetic ordering temperature of the compound under consideration is T N = 195(2) K, which corresponds to a composition (1 -δ) = 0.94. Using this information we finally estimate the stoichiometry of our sample to be (1 -δ) = 0.93(2) and the wüstite sample investigated in this work is referenced as Fe 0.93 O. Assuming ideal oxygen stoichiometry, this composition suggests that charge compensation is reached for Fe Several studies have been reported [22, 23, 24] , focusing on the electrical resistance of wüstite, specifically pointing towards the close relationship of the temperature dependent conductivity in FeO as compared to Fe 3 O 4 , which reveals a metal-to-insulator transition close to 124 K [22, 24] . Bowen et al. [24] concluded that the electrical transport is thermally activated for temperatures above 120 K and reveals variable-range hopping proportional to T −1/4 at lower temperatures. Fig. 1 shows the results as obtained from the present experiments (circles). Here we have plotted the logarithm of the resistance vs. the inverse temperature in an Arrhenius-like plot. The measurements at high temperatures (T > 100 K) have been performed in standard four-point technique. At lower temperatures a two-point configuration has been used. As can be seen in Fig. 1 , both data sets are in good agreement, but certainly do not match perfectly. This can be ascribed to the fact, that in four-point configuration the sample resistance becomes of the order of the input impedance of the device, while in two-point configuration contact resistances may play a role at higher temperatures. The data from 130 K to 400 K can nicely be described by purely thermally activated behavior. Using ρ = ρ 0 exp(E B /T ) (solid red line in Fig. 1 ) we find a prefactor ρ 0 = 2.3 mΩcm and an energy barrier of 1030 K corresponding to 89 meV. These findings are in good agreement with the results of Bowen et al. [24] , who investigated a wüstite sample with an iron concentration of 0.91. The purely thermally activated behavior extends from high temperatures deep into the magnetically ordered state until approximately 130 K. In the inset of Fig. 1 we show the same data set as logarithm of resistance vs. T −1/4 . This should lead to linear behavior [25] . In the main frame and in the inset the magnetic ordering temperature is indicated by an arrow.
for variable-range hopping (VRH) of localized charge carriers near the Fermi level in a disordered semiconductor as first predicted by Mott [25] . In a limited temperature range of 40 K < T < 90 K, but over approximately six decades of conductivity, we find reasonable agreement of the experimental results with the VRH model.
At this stage we would like to make some comments on these interesting results. First of all, the transition from purely thermally activated to VRH behavior has to be expected in disordered semiconductors [26] . In systems revealing this behavior the Fermi energy lies within the region of localized states, extending from the band edge to the mobility edge. At high temperatures charge carriers can be excited across the mobility edge and follow an Arrhenius-type of temperature behavior, finally asymptotically reaching the so called "Mott minimum metallic conductivity", which is given by 610/a (Ωcm) −1 if the lattice constant a is given inÅ [27] . Taking the lattice constant of wüstite given above, leads to 142 (Ωcm) −1 , a value in the order of magnitude as observed in Fig. 1 with σ 0 = 1/ρ 0 = 435 (Ωcm) −1 . At low temperatures the electrons can only hop between different localized states close to the Fermi energy and a T 1/4 behavior can be expected. In wüstite due to cation vacancies an acceptor band is believed to form just above the valence band. To take into account the observation of VRH conductivity, it seems straightforward to assume that due to disorder the high-energy states in the valence band are localized and that a mobility edge forms close to the upper band edge. Hence, free charge carriers can only be expected when holes are created below this mobility edge. Earlier, Bowen et al. [24] have assumed that the energy gap as determined by the resistivity experiments corresponds to transitions from the top of the valence band to the acceptor energy. We propose that the activation energy as determined from the dc resistivity documented in Fig. 1 is a measure of the distance from the mobility edge to the acceptor level.
It is worthwhile to compare the temperature dependent resistivity of wüstite with that of magnetite, Fe 3 O 4 . The latter compound exhibits a metal-to-insulator transition due to charge-ordering phenomena close to 130 K. In Fig. 1 we have included the resistivity as determined in magnetite in a sample that has been characterized in detail in Ref. [28] . Magnetite is characterized by Fe 2+ in tetrahedral environment, but in addition by a distribution of Fe 2+ and Fe 3+ in octahedral environment. The resulting resistance is shown as dashed line in Fig. 1 . Interestingly, at high temperatures in both compounds, in "metallic" magnetite as well as in "semiconducting" wüstite, the resistance is of the order of 10 mΩcm, but with a much weaker temperature dependence in the former case. At the insulating side of the metal-to-insulator transition both resistivities again become equal, close to 100 Ωcm and show a similar further non-Arrhenius increase towards low temperatures. Such high values of the dielectric constant are often generated by electrode polarization due to formation of a diode at the interface of contact and sample [29] . Hence, the observed high values of ε ′ are of extrinsic origin. For all frequencies measured, the dielectric constant decreases to a weakly indicated lower plateau with values of ε ′ ≈ 70 (see inset of Fig. 2a ). This steplike decrease is strongly frequency dependent and can be ascribed to a non-intrinsic, so-called Maxwell-Wagner relaxation [29, 30, 31] . Upon further cooling, ε ′ (T ) decreases again to a value of approximately 27. This second decrease also shows a significant frequency dependence and is shifted towards lower temperatures with decreasing frequency. We ascribe it to an intrinsic dielectric relaxation. In non-stoichiometric wüstite with significant iron deficiency the appearance of Fe 3+ or holes at the oxygen sites can be expected. These entities could be responsible for the creation of polar defects. Again we would like to stress the close relationship with magnetite. In magnetite in a comparable temperature range similar, but certainly much stronger relaxation phenomena have been detected which establish a short-range polar state at low temperatures [28] . In wüstite we have checked the field dependent polarization for temperatures below 50 K and found strictly linear field dependence and no indications of polar hysteresis effects for all temperatures. It is worthwhile to mention that similar dispersion effects have been detected in different TM compounds and interpreted as evidence for bound polarons [32, 33] or to be due to orbital fluctuations [34] . Both explanations seem to be possible in wüstite, too. However, a detailed analysis of these effects is severely hampered by the strong Maxwell-Wagner relaxation which dominates the dielectric spectra above 30 K.
The real part of the conductivity, which is proportional to the dielectric loss, is shown in Fig. 2b . At temperatures below 50 K the conductivity reveals strong dispersion, which indicates frequency dependent conductivity due to hopping processes in agreement with the dc results presented in Fig. 1 . In the lower inset we show the frequency dependence of the ac conductivity at 5 K and find a dependence of the form σ ′ ∝ ν s with s close to 1.0. A frequency dependent hopping conductivity is observed in many disordered semiconductors and the frequency exponent in many cases approximately approaches values close to 1 [35] . This observation might be indicative for small polaron hopping, as it has been stated by van Staveren [36] , that in contradiction to Ref. [35] , it is the small polaron hopping that exhibits a frequency exponent close to 1 at low temperatures. At high temperatures the conductivity reaches a plateau and is dominated by electrode polarization, which determines the two-point resistance in a variety of materials as decribed in detail, e.g. in [29, 37] . Between 25 K and 100 K the ac conductivity as determined at 1 Hz nicely follows the dc conductivity, which is indicated as solid line.
Magnetic susceptibility
The magnetic susceptibility of wüstite has been investigated by Bizette and Tsai [4] , Ariya and Grossman [38] , Koch and Fine [39] and by Srinivasan and Seehra [40] . The latter investigated the magnetic susceptibility just around the magnetic ordering transition, concluding that it is of first order. The other three groups aimed to determine Curie-Weiss temperatures Θ and Curie constants C of the paramagnetic susceptibility. Fitting the high-temperature susceptibility data in emu per mole using χ = C/(T − Θ), these groups reported vastly different results. In a sample of unspecified composition, Bizette and Tsai [40] found T N = 198 K, C = 6.24 emu K/mol, and Θ = -570 K, when analyzing the susceptibility up to room temperature only. From high temperature data (100 K < T < 1200 K) of Fe 0.93 O, Ariya and Grossman [38] reported C = 3.60 emu K/mol and Θ = -94 K, while Koch and Fine [39] , analyzing the magnetic susceptibility of a sample with (1 -δ) = 0.93 between the ordering temperature and 400 K reported C = 3.56 emu K/mol and Θ = -136 K. The discrepancies of these results may be explained by the different temperature regimes that have been used for the data analysis, but also by the slightly different stoichiometries of the samples and the possible presence of magnetic impurity phases. Fig. 3 shows the inverse of the susceptibility of our sample vs. temperature between 2 K and 400 K [19] . The best estimate of T N of this set of data is 196 K, where a clear minimum in 1/χ(T) shows up. No traces of the structural phase transition of magnetite at 124 K can be detected and, even more importantly, any spontaneous magnetization is absent, even at the lowest temperatures. From this observation we conclude that our sample contains no residual α-Fe or Fe 3 O 4 clusters. Analyzing the susceptibility between 320 K and 400 K results in a Curie constant C = 4.90 emu K/mol and a Curie-Weiss temperature Θ = -245 K. Comparing our results with published data, the composition of our sample is close to that investigated by Koch and Fine [39] and in addition the magnetic susceptibilities have been analyzed in similar temperature ranges. Calculating the effective paramagnetic moment per Fe ion, taking into account the iron deficiency δ, we obtain p eff = 6.26 µ B per Fe ion. This effective moment has to be analyzed in terms of both Fe 2+ with spin S = 2 and Fe 3+ , with spin S = 3/2 according to Fe [44, 45] . In the latter case the value is in accordance with the spin-orbit coupling constant λ = -100 cm −1 of free Fe 2+ and a crystal-field splitting of about 10000 cm −1 [44, 45] . Nevertheless, our value is clearly different than the ordered moment as determined by neutron diffraction, which suggested a g-value smaller than 2 [7] . Kanamori calculated the paramagnetic susceptibility for a fully stoichiometric FeO sample and predicted a Curie constant C = 3.15 emu K/mol and a Curie-Weiss temperature Θ = -332 K, again different from experimental results [46] . It seems that a consistent description of the effective paramagnetic and the ordered moment can only be reached by a detailed comparative studies of samples with well defined stoichiometry.
Heat capacity
The heat capacity of ferrous oxide has been studied by a number of groups, including Millar [3] , Todd and Bonnickson [47] , Mainard et al. [48] , Gronvold et al. [49] , and Stolen et al. [50] . The main observation of these experiments was a strong stoichiometry dependence of the specific-heat anomaly at the magnetic ordering temperature. While in Ref. [47] a well defined and relatively sharp anomaly is visible in a sample with (1 − δ) = 0.947, Gronvold et al. [49] report relatively small and smeared out anomalies for wüstite samples with iron concentrations of 0.9254 and 0.9379. The concentration dependence of the entropy deduced from the heat capacity anomaly at T N has been systematically investigated in Ref. [48] .
The temperature of the specific heat C p of our sample, measured at constant atmospheric pressure, is shown in Fig. 4 . A small and smeared out anomaly similarly to the data obtained in [49] characterizes the antiferromagnetic phase transition, from which we determine T N ≈ 194 K. Taking this value together with T N = 196 K from χ(T), we arrive at an average antiferromagnetic transition temperature of Fe 0.93 O of T N = 195(2) K. No further indications of phase transitions can be detected, documenting that the sample under investigation contains no spurious phases, specifically no traces of magnetite which would give an anomaly close to the Verwey transition at 124 K in Fe-rich wüstite [50] . At room temperature the heat capacity approaches values close to 5.79 R, corresponding to the high temperature limit of the lattice specific heat only. Here we took into account, that the compound under consideration has an iron deficiency of 0.07 and hence is not a perfect two atomic solid.
Plotting the specific heat as C p /T 3 vs. T in Fig. 4 reveals a almost constant behavior for 10 K< T < 30 K and indicates a T 3 dependence stemming from a Debye-like phonon density of states and gapless AFM magnon excitations. At the lowest temperatures, T < 10 K, significant deviations from this T 3 behavior appear in C p /T 3 , which might be attributed to the presence of Fe 3+ which reportedly exhibit a crystal-field splitting, which can lead to a Schottky-like increase towards lowest temperatures. Alternatively this non-Debye like increase of C p /T 3 towards low temperatures could also signal glass-like behavior due to the significant iron deficiency.
In the following we will analyze the heat capacity data by assuming that the total heat capacity C tot consists of contributions originating from vibrational, spin, orbital, and charge degrees of freedom. To distinguish these contributions we will rely on the low-frequency optical excitation spectrum. A similar approach has been used to model successfully the specific heat in CoO [19] :
We will start with the 2S + 1 spin and the three-fold degeneracy of the orbital ground state of Fe
) in the paramagnetic regime. The low-lying electronic Fe 2+ levels can be described by an effective total momentum J = L+S with L corresponding to an effective orbital momentum with L = 1 and spin S = 2. Spin-orbit coupling λ leads to a triply degenerate ground state with J = 1, the first excited state with J = 2 at 2λ, and the second exited state with J = 3 at 5λ [8] . We approximate the contribution of these levels to the specific heat by
with the partition function Z = 2 i=0 g i e −βǫi , the excitation energies ǫ 0,1,2 = 0, 23, 61 meV as observed in the FIR spectra discussed below, degeneracies g 0,1,2 = 3, 5, 7, and β ≡ 1/k B T . The resulting contribution is shown as a dashed line in Fig. 4 . In the next step we subtract C SO (T > T N ) from the experimental specific heat for T > T N and model the residual specific heat in the paramagnetic regime by a sum of one isotropic Debye, one isotropic Einstein term and a linear contribution γT justified by the observation of a Drude-like contribution in the paramagnetic state. Constraining the Debye temperature to the vicinity of θ D = 385 K as derived from the low-temperature data and the Einstein temperature to vary around the experimental eigenfrequency of the transverse polar phonon, we find a satisfactory agreement using the parameters θ D = 385 K, θ E = 479 K, and γ = 10 mJ/molK. We further subtract the linear contribution in the paramagnetic regime (dash-dotted line) and the lattice contribution C lat (dotted line) in the entire temperature range assuming that changes below the magnetic transition are negligible. As a result we can write the total specific heat as
Alone, the contribution C SO (T < T N ) has not yet been determined. In the magnetically ordered state the degeneracy of the Fe 2+ levels will be lifted due the exchange coupling. These splittings were not resolved in the optical experiment, but we can simulate the residual data C SO (T < T N ) satisfactorily by assuming that only the lowest-lying level is split and the higher-lying states are only shifted in energy. The resulting C SO (T < T N ) (dashed line) is then again approximated using Eq. 1, the anticipated excitation energies ǫ i = 0, 15, 25, 60, 72 meV for and corresponding degeneracies g i = 1, 1, 1, 5, 7 for i = 0, 1, 2, 3, 4. Clearly, this procedure is not unambiguous, but summing up all modeled contributions nicely describes the experimental data of the heat capacity of wüstite and justifies our approach to a certain extent.
Optical properties
Infrared reflectivity experiments on ferrous oxide with the main focus on phonon properties and conductivity contributions of free charge carriers at elevated temperatures have been performed by Bowen et al. [24] , Prevot et al. [51] and by Henning and Mutschke [52] . Recently, Seagle et al. [53] have investigated the phonon properties and conductivity contributions of Fe 0.91 O as function of hydrostatic pressure. The absorption at higher frequencies close to the fundamental absorption edge has only been published in Ref. [24] .
In Fig. 5 we have plotted the reflectivity R as function of wave number from approximately 100 cm −1 to 24.000 cm −1 in a semilogarithmic representation. The upper wave-number limit corresponds to approximately 3 eV in energy. In the main frame the reflectivity is shown at three temperatures, namely well in the magnetically ordered state at 5 K, just above T N at 220 K and at room temperature. From 200 cm −1 to 700 cm −1 , the typical phonon response of a cubic two-atomic ionic crystal dominates the reflectivity spectra. Electronic excitations appear already well below 10.000 cm −1 and approximately at 20.000 cm −1 . The inset of Fig. 5 shows the low frequency response at 5 K and at 500 K. At elevated temperatures, the strong increase of the reflectivity towards low frequencies and the decrease of the dipolar strength of the phonon response due to screening effects clearly signal the existence of an increasing number of free charge carriers.
Phonon properties and Drude-like behavior
We have converted the reflectivity into the complex dielectric constant ε(ω) = ε ′ − iε ′′ , where ε ′ and ε ′′ correspond to real and imaginary part of the dielectric constant, respectively. ε(ω) has then been analyzed using the model dielectric function
Here ε ∞ is the electronic dielectric constant, as defined at the upper limit of the phonon and at the lower limit of the electronic contributions. The second term of Eq. (4) corresponds to a Drude-like contribution due to mobile charge carriers, with an effective plasma frequency Ω p , and a life time τ , corresponding to an inverse electronic scattering rate. The electronic plasma frequency is defined by 
and is directly related to the dc conductivity via
Here N designates the charge-carriers density and ε 0 is the dielectric permittivity of free space. The third term in Eq. (4) describes the contributions of a normal mode to the dielectric constant according to a Lorentz oscillator. At temperatures T < T N , where the optic mode splits into two branches, the sum of two Lorentz oscillators has to be used. In Eq. (4) ∆ε designs the dielectric strength of the mode, ω T the transverse optical eigenfrequency and γ the damping of the appropriate phonon mode. Using this three-parameter fit for the phonon modes implies that the damping is frequency independent and the same for transverse (T) and longitudinal (L) modes. The longitudinal optical eigenfrequency can then be calculated via the Lyddane-Sachs-Teller relation
where the static dielectric constant ε s is given by ε s = ε ∞ + ∆ε. For the analysis of the phonon properties and of the dynamic conductivity one can proceed in two ways. Here we directly analyze the reflectivity R above T N , which is given by
with the complex dielectric constant as defined in Eq. (4). The results of these fits, using eigenfrequency, damping and dielectric strength as free parameters, are shown as solid lines in the inset of Fig. 5 . Here it should be noted that the fits in the inset of Fig. 5 have been derived by assuming one Lorentz oscillator only. This means that for this fit we have ignored the phonon splitting at 5 K. The phonon splitting in the antiferromagnetic state has been determined separately by analyzing the dielectric loss as discussed in the following. The resulting temperature dependence of the transverse phonon eigenfrequencies are shown in Fig. 6 as (red) squares, which only show a weakly temperature dependent phonon mode frequency of about 326 cm −1 . This data is compared to the one obtained by the second approach, namely the evaluation of the dielectric loss obtained after Kramers-Kronig transformation. The results of this analysis have been reported previously [19] and, therefore, will only shortly be summarized for completeness: An example of the dielectric loss in wüstite is shown in Fig. 7 , presenting ε ′′ (ω) vs. wave number between 250 cm −1 and 400 cm −1 at 5 K, in the AFM state and at 220 K, just above the magnetic ordering temperature in the paramagnetic phase. While the dielectric loss at 220 K clearly shows a symmetric peak, a strong asymmetry evolves below the onset of magnetic order. The peak at 220 K can nicely be fitted with a single Lorentz oscillator, while two oscillators, indicated by dashed lines, are necessary to describe the low-temperature data. Deviations from the Lorentz fits appear close to 270 cm −1 . These deviations are almost temperature independent and we have no explanation of their origin so far.
The splitting of the transverse optical phonon itself has been attributed to the effects of an mostly exchangeinduced coupling mechanism [17, 18, 54, 55, 16] . The eigenfrequencies which have been determined from these fits to the dielectric loss of wüstite are also plotted in Fig. 6 . In the paramagnetic phase the eigenfrequencies reveal a similar temperature dependence as those determined from the fits to the reflectivity, but are shifted by approximately 5 cm −1 to lower energies. This deviation gives a rough estimate of the precision of the two different methods to derive the eigenfrequencies and probably results from the assumption of a frequency independent damping and from the fact that the dc conductivity has not been equally taken into account by the two different fitting scenarios. Below T N , in Fig. 6 the splitting of the modes is clearly visible and increases on decreasing temperature. At 5 K the splitting is of the order of 15 cm −1 and significantly smaller than the phonon splitting observed in isostructural and AFM MnO, where it amounts almost 25 cm −1 [10] . In the following we discuss the obtained fit parameters, namely the eigenfrequencies of transverse and longitudinal optical modes, the damping, which is assumed to be identical for both modes, and the static as well as the electronic or infinite dielectric constant (table 1) .
The eigenfrequencies are only partly in agreement with the results obtained by inelastic neutron scattering [56] . At room temperature, the zone-center optical eigenfre- quencies were found to be ω T = 320 cm −1 and ω L = 526 cm −1 . While the former certainly agrees within experimental uncertainties with the present value of 322 cm −1 , the disagreement of the longitudinal eigenfrequencies is much larger. In the neutron work unpublished IR results are cited with ω T = 290 cm −1 and ω L = 535 cm −1 . From further infrared reflectivity measurements the values of ω T = 333.7 cm −1 and ω L = 493.5 cm −1 have been determined [51] . In the latter work dielectric constants at zero and infinite frequencies are published with values of ε s = 32.8 and ε ∞ = 9.63, respectively. The latter value is of the order of magnitude as determined here, but nevertheless seems quite large for transition metal monoxides. In MnO, CoO and NiO the electronic dielectric constant, ε ∞ ≈ 5, is by a factor of two smaller than in FeO. We think that the large value of ε ∞ in wüstite results from the crystal-field excitation which significantly contributes to the reflectivity at 1000 cm −1 . In addition, at room temperature, and even more at elevated temperatures, conductivity contributions hamper an exact determination of the electronic dielectric constant. This uncertainty in the determination of ε ∞ could also provide a possible explanation for the enormous scatter of reported values of the longitudinal eigenfrequency. In the dielectric measurements of this work (section 3.1) we have determined a high-frequency value of the dielectric constant of 27, which is not too far from ε s = 22.6 determined in the FIR experiments. If we take ε s as determined from the dielectric measurement and ε ∞ as well as ω T as determined from the infrared experiments and listed in Table 1 , we determine an longitudinal optical eigenfrequency via Eq. (7), ω L = 509.6 cm −1 .
From the fits using Eq. (4) we also have deduced the relevant parameters of the free-carrier contribution. This was possible only for temperatures T > 150 K. Below 150 K, in the hopping regime (section 3.1), no conductivity contributions can be determined from the FIR experiments. For low temperatures wüstite behaves like an insulator. A closer inspection of the main frame of Fig.  5 also documents that electronic transitions dominate the optical response even well below 1 eV (≈ 8000 cm −1 ) and, hence, hamper the determination of the electronic relaxation time τ . From the fits as indicated in the inset of Fig. 5 , only the dc conductivity can be determined, proportional to the product Ω 2 τ (see Eq. (6)). The inverse dc conductivity as determined from these fits is plotted in Fig. 1 , in addition to the resistivity results. While the data are in reasonable agreement for high temperatures, significant deviations appear on cooling. From Fig. 1 it is clear that the dc conductivity, as determined from the reflectivity measurements at high frequencies, follows a significantly different Arrhenius behavior compared to σ dc determined from the low-frequency experiments. On further cooling additional deviations appear, which probably stem from the fact that for low temperatures the dc conductivity was too small and the reflectivity measurements did not cover sufficiently low frequencies to correctly determine the conductivity contributions. A fit to the highfrequency optical results of the dc resistivity as shown in Fig. 1 yields an energy barrier of 47.5 meV, almost a factor of 2 lower than the gap determined from the dc resistivity experiments.
Electronic transitions
Splitting of the ground state by spin-orbit coupling In addition to the phononic and Drude contribution, the FIR spectra bear fingerprints of local Fe 2+ transitions, which have been used already above to model the specific heat. In a d
6 system in an octahedral crystal field with a 5 T 2 ground state (S = 2; t 4 2g e 2 g ) we expect the splitting of the ground-state triplet into 3 levels, with the ground state at 0 and excited levels at 2 λ and 5 λ, so that the overall splitting is given by 5 λ, with λ being the spinorbit coupling constant [8] . To the best of our knowledge no optical information on the low-lying Fe 2+ levels and the spin-orbit coupling is available in literature. Alone, an optical absorption line of dilute Fe 2+ in MgO has been reported close to 10000 cm −1 [57] . As documented in Fig. 8 (inset) we identify a weak structure close to 185 cm −1 which is almost temperature independent and in addition we detect a tiny anomaly close to 490 cm −1 at 240 K (main frame). This anomaly seems to split in the magnetically ordered state and becomes smeared out at higher temperature due to conductivity contributions to the dielectric loss. In addition, we find an anomaly close to 600 cm −1 at room temperature which strongly shifts to higher frequencies on cooling. This mode has been analyzed in detail by Seagle et al. [53] . From the observed pressure dependence they concluded that this mode corresponds to a localized defect excitation. Hence, we identify the two remaining excitations close to 185 and 490 cm −1 as transitions between the ground state split by spin-orbit coupling. Assuming a spin-orbit coupling constant λ of 95 cm −1 we expect two transitions close to 190 cm −1 and 475 cm −1 in good agreement with the observed transitions.
Band gap and crystal-field excitations The optical conductivity as derived from the reflectivity (see Fig. 5 ) is documented in Fig. 9 for temperatures between 5 K and 340 K. The real part of the conductivity is given by σ ′ = ωε 0 ε ′′ . The transverse optical phonon mode close to 320 cm −1 is followed by a well defined electronic transition close to 7500 cm −1 and the onset of a charge-transfer excitation close to 12000 cm −1 . The electronic transition close to 7500 cm −1 is assigned to the spin-allowed crystal-field excitation from the 5 T 2g ground state to the 5 E state which are separated by 10Dq in good agreement with the reported absorption spectra in the AFeX 3 systems, where A = Cs, Rb and X=F, Cl, Br [58] . In these materials a phonon-assisted mechanism has been suggested to explain the observation of the parityforbidden d-d transition. A similar mechanism might be at work in iron oxide, however, the spectral weight of the excitation is much larger than expected for a conventional phonon-assisted d-d transition [59] . Moreover, the lineshape of this excitation in wüstite looks astonishingly similar to the excitation which has been observed in magnetite at about 5000 cm −1 [60, 61] and analyzed in terms of a polaronic excitation, which has been observed and discussed in many transition-metal systems where electron-phonon coupling plays an important role, such as e.g. manganites [62, 63, 64] and cuprates [65] . Consequently, we tried to describe the lineshape of this excitation in FeO by a small-polaron model [66] , but could not obtain a satisfactory agreement with the data. Nevertheless, we want to recall that, similarly to the case of magnetite, in our sample both Fe 2+ and Fe 3+ ions are present, and the enhanced spectral weight of the crystal-field excitation in FeO might have its origin in the presence of mixed-valence Fe ions.
The intensity and shape of this excitation in FeO are strongly temperature dependent. At 5 K the conductivity up to 3000 cm −1 is very low and the excitation is narrow and well defined. On increasing temperature it broadens and transfers a significant part of its optical weight to lower frequencies, concomitantly with the increase of the dc conductivity contributions on increasing temperatures. At the same time the phonon intensity becomes strongly reduced a fact that results from the screening of the phonon modes by free charge carriers. In the inset of Fig. 9 we show the spectral weight N eff up to wave numbers of 11000 cm −1 at 5 K and 340 K. The optical weight is given by the integral of the conductivity up to a given frequency.
As expected we find exactly the same optical weight when integrating the conductivity up to frequencies just covering the crystal field excitations, documenting that the optical weight, which is lost by the crystal field excitations indeed is shifted into the dc conductivity at lower frequencies. This fact also provides experimental evidence that a constant number of charge carriers is responsible for the dc conductivity as well as the large spectral weight of the crystal-field excitation. Similarly to magnetite this relation between the crystal-field excitation and the dc conductivity is reminiscent of polaron physics. With increasing temperatures bound polarons become mobile. Shape and temperature dependence of the electronic excitation depicted in Fig. 9 essentially resemble observations in the colossal resistance manganites revealing the melting of polarons into a Fermi liquid state when passing the ferromagnetic transition from above [62] . However there is no one-to one correspondence: In the case of the manganites, mobile polarons establish a metallic low-temperature state, but in wüstite a paramagnetic semiconducting state with strongly increased mobility is formed at high temperatures.
The optical transition across the semiconducting band gap observed close to 12000 cm −1 probably corresponds to a transition from the lower t 2g triplet of Fe 2+ to the oxygen p bands. If this assignment is correct, this transition is a typical charge transfer transition, as predicted to occur in the late transition metal monoxides [67] . From an optical absorption experiment Bowen et al. determined a value of 2.4 eV by evaluating the onset of the absorption edge [24] , which is in agreement with the theoretical estimate of 2.1 eV [68] . In our data (see Fig. 9 ) the onset also appears at about 2 eV. We analyzed the slope of this onset and found that the best fits can be obtained assuming an indirect allowed electronic transition [69] , which is documented in Fig. 10 by plotting (σ ′ × ν) 1/2 vs wave number. By extrapolating this behavior (dashed lines) we find a value of the band gap E g ≈ 1.0 eV above the onset of AFM order. Using this extrapolation procedure we want to discuss the temperature dependence of the band-gap as determined from our data in the following.
Blue shift of the fundamental absorption edge In the inset of Fig. 10 [76] , and HgCr 2 S 4 , which order antiferromagnetically but posses strong ferromagnetic exchange interactions [80, 81] . An exception seems to be CdCr 2 S 4 , where a blue shift has been observed [76, 77] , but it has been argued that the evaluated absorption feature is not the fundamental absorption edge, but rather the low-energy flank of a crystal-field excitation [82, 83, 84] . The red shifts in the ferromagnetic semiconductors have been theoretically tackled by Callen [85] using the concept of magnetoelastic coupling, by Baltensperger [86] assuming that magnetic correlations influence the band states via exchange coupling and by Nolting [87] calculating the influence of the localized Heisenberg spins on the conduction band.
Blue shifts at the AFM phase transition have been reported and analyzed for compounds related to wüstite, namely for α-MnS and CoO [88, 89] , and for hexagonal MnTe [90] or NaCrS 2 [91] . However, also red shifts can occur as in AFM MnO [88] , and the shift seem to depend strongly on the different exchange interactions and magneto-structural effects and distortions of the particular compound [88, 92, 90] . The question which model is appropriate to explain the significant blue shift in passing the antiferromagnetic phase transition in wüstite remains to be answered.
Discussion and concluding remarks
In this work we have provided a detailed study of the optical properties of wüstite with stoichiometry Fe 0.93 O. In addition we have presented a detailed characterization of the sample with respect to electrical, magnetic, and thermodynamic properties. From electrical resistance experiments we find a purely thermally activated temperature dependence governed by an energy gap of 89 meV at elevated temperatures (T > 150 K). At lower temperatures hopping conduction dominates. We conclude that charge transport in wüstite results from charge carriers located in the valence band below a mobility edge. Holes can be created by thermal excitations of electrons into an acceptor level just above the Fermi energy. In dielectric measurements we have determined a limiting high-frequency dielectric constant of 27. Moreover, we found clear indications of a relaxational process similar but significantly weaker when compared to that observed in magnetite [28] . One could speculate on charge ordering processes between Fe 2+ and Fe 3+ or local relaxation phenomena of polar vacancies. However, no evidence of short or long range polar order could be detected in wüstite. For temperatures T > 80 K the dielectric constant increases to colossal values, a fact that can be explained in terms of Maxwell-Wagner relaxation.
Measurements of the magnetic susceptibility indicate pure Curie-Weiss behavior, indicative of localized moments with a Curie-Weiss temperature of Θ = -245 K and a magnetic ordering temperature of T N = 196 K. The temperature dependence of the heat capacity reveals a smearedout anomaly close to the onset of antiferromagnetic order and could be nicely described by using the spectroscopic data obtained from the optical experiment.
The main focus of this work was dedicated to optical properties. Wüstite behaves like an insulator for temperatures below the Nèel temperature and reveals increasing conductivity contributions for higher temperatures. At 500 K a small Drude component in the conductivity and screening effects of the phonon excitations signal increasing metallic behavior. The observed transverse optical phonon modes have eigenfrequencies close to 325 cm −1 . Below the AFM ordering temperature the TO branch splits into two modes with a mode splitting close to 15 cm −1 . From reflectivity experiments up to 3 eV we observed the 5 T 2g → 5 E crystal-field excitation of the Fe 2+ ions at about 7500 cm −1 yielding a crystal field parameter Dq = 750 cm −1 . In addition we provide experimental evidence for two further electronic Fe 2+ excitations close to 185 and 490 cm −1 which are interpreted as transitions between the ground-state levels split by spin-orbit coupling. From this observation we conclude that wüstite is characterized by a spin-orbit coupling constant λ ≈ 95 cm −1 . Finally, we found a strong blue shift of the fundamental absorption edge on cooling across the antiferromagnetic phase transition. The blue shift amounts 0.15 eV which is an effect as large as 15%.
